Background. Soluble vascular cell adhesion molecule-1 (sVCAM-1) is a marker of endothelial injury and a potent predictor of cardiovascular mortality in patients with kidney failure on dialysis. The longitudinal effects of dialysis on endothelial dysfunction and in particular the effects of renal transplantation on markers of endothelial function including sVCAM-1 have not been well characterized. Methods. We used the Transplant Manitoba registry and biobank to assemble a retrospective cohort of all patients receiving a first kidney transplant between January 1, 2000, and December 31, 2005 (n=186). One hundred seventy-four patients had at least two serum samples pretransplant and at least two samples posttransplant. In total, 1,004 serial samples (median 5/patient) were analyzed. Factors associated with sVCAM-1 were examined using mixed linear models.
membrane bound VCAM-1 and VCAM messenger RNA expression; sVCAM-1 is thus considered a marker of endothelial activation (12, 13) . Several cross-sectional analyses have shown that levels of sVCAM-1 are much higher in ESRD patients in comparison to the general population (14Y19). These studies, however, do not provide information about the longitudinal evolution of endothelial injury in patients on dialysis and after transplantation.
The objective of this study was to test whether endothelial injury, as measured by serial sVCAM-1 measurements, worsens with time on dialysis and improves after transplantation. Furthermore, we set out to identify patient and dialysis characteristics associated with changes in endothelial injury over time.
RESULTS
All patients who received a first kidney transplant in Manitoba between January 1, 2000, and December 31, 2005 (n=186) were eligible for inclusion. Of the 186 transplanted patients, 12 were excluded: 10 patients were preemptive transplant recipients without exposure to dialysis and two declined consent. One hundred and seventy-four recipients (174) had at least two samples obtained in both dialysis and posttransplant periods; thus each patient had a minimum of four total measures of sVCAM-1 (Fig. 1) .
Characteristics of the study population at time of transplant wait listing and at time of transplant are presented in Table 1 . Most patients were male (67%) and white. The median wait time for kidney transplantation was approximately 3 years from the time of transplant wait listing. Glomerulonephritis and diabetic nephropathy were the most common causes of ESRD. Twenty-seven percent were diabetic patients and 12% had congestive heart failure (CHF) at the time of transplant wait listing. The percentage of smokers decreased from 36% to 15% from time of dialysis wait listing to transplantation.
Evolution of sVCAM-1 Over Time and Impact of Transplantation
To correctly account for the unequal number of sVCAM-1 observations in each patient (see methods'''' for explanation), the changes in sVCAM-1 over time and the impact of transplantation were analyzed using a mixed linear model ( Table 2 , Fig. 2 ). The model fitted is sVCAM-1=b0+ FIGURE 1. Derivation of study cohort.
* 2014 Lippincott Williams & Wilkins b1ÂTime+b2ÂTransplant+b3Â(TransplantÂtime), where b0 is the intercept (i.e., expected VCAM value at Time=0, just before transplantation), Time is the number of days before or after transplantation, ''''Transplant is an indicator variable for transplantation status (0=pretransplant; 1=posttransplant), and the interaction term (TransplantÂTime) describes whether the rate of change in VCAM is different in the pretransplant versus posttransplant periods. Importantly, the interaction coefficient b3 is highly statistically significant, indicating that the pretransplant and posttransplant rates of change of VCAM are indeed truly different.
Before transplantation (where ''''Transplant =0, and all terms containing ''''Transplant become identically=0), the model simplifies to sVCAM-1= b0 + b1ÂTime, where the intercept b0=1,867 ng/mL describes the sVCAM-1 level just before transplantation and b1=0.16 ng/mL per day describes the rate of change per day in sVCAM-1 before transplant. Because the slope b1 is greater than 0, we conclude that the average sVCAM-1 levels rise over time in the pretransplant period.
After transplantation, ''''Transplant=1. Substituting and regrouping, the model becomes sVCAM-1= (b0+b2)+ (b1+b3)ÂTime, which now describes the posttransplant changes in sVCAM-1 over time. The intercept (b0+b2)= 1,867+(j619)=1,248 ng/mL reflects the average sVCAM-1 level just after transplant. Note that this level has dropped (by 619 ng/mL) relative the pretransplant level. The slope (b1+b3)=0.16+(j0.38)=j0.22 ng/mL per day describes the average rate of change in sVCAM-1 over time after transplantation. Note that because (b1+b3)G0, sVCAM-1 decreases over time after transplantation, in contrast to the pretransplant period.
Adjustment for Additional Factors Associated With Changes in sVCAM-1 Levels
Additional univariable factors associated with changes in sVCAM-1 levels were determined using a mixed linear model and are presented in Table 3 . Each of the univariable coefficients in Table 3 reflects the difference in mean sVCAM-1 level between the states of a categorical value. For example, the positive coefficient for Smoker in Table 2 indicates that mean sVCAM-1 levels were 137 ng/mL higher in smokers than in nonsmokers. Smoking status, hypertension, pretransplant heart failure, and diuretic use (a probable surrogate for hypertension and heart failure) were all associated with higher sVCAM-1 levels (positive coefficients) at the P less than 0.1 level. Conversely, angiotensinconverting enzyme inhibitor (ACEI) or angiotensin receptor blocker (ARB) use and prior heparin exposure were all associated with a lower sVCAM-1 level (negative coefficients).
We then tested the hypothesis that the impact of these additional factors might alter the relationship between sVCAM-1 and transplantation by (1) adding as covariates all the variables identified as significant at the P less than 0.1 level in Table 3 to the mixed linear model described in Table 2 ; and (2) examining all first order interactions between each of these additional variables and time (slope effects), as well as each of these variables and Transplant status (intercept effects) (see ''''Methods). We then simplified the model by eliminating terms with nonsignificant coefficients. Only pretransplant heart failure, smoking status, Transplant status, Time and TimeÂTransplant were retained in the final model shown in Table 4 , which thus takes the form sVCAM-1=b0+b1ÂCHF+b2ÂSmoker+b3Â Time+b4ÂTransplant+b5Â(TransplantÂtime). The variables b0, Time, Transplant and (TransplantÂTime) are as previously defined, CHF is an indicator variable for presence (1) or absence (0) of congestive heart failure, and Smoker is the is the indicator variable for presence (1) or absence (0) of current Values are meanTstandard deviation or %. ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB DH/non-DH, calcium channel blocker dihydropyridine/ non-dihydropyridine.
smoking. As expected, heart failure and smoking were associated with higher average sVCAM-1 levels (+229 and + 106 ng/mL, respectively). Because the interaction terms SmokerÂTransplant and CHFÂTransplant were not statistically significant (and thus excluded from Table 4), we conclude that the increases associated with CHF and smoking were similar before and after transplantation. Furthermore, because the SmokerÂTime and CHFÂTime interaction terms were not significant, neither smoking nor CHF status seemed to influence the slope of sVCAM-1 over time. Of note, the coefficients for Transplant, Time, and TimeÂTransplant were nearly identical to those of the unadjusted model (Table 2) , further suggesting that the impact of transplant on sVCAM-1 changes was independent of the other variables.
The changes in sVCAM-1 over time described in the tables can be summarized graphically ( Fig. 2 ; Figure S1 , SDC, http://links.lww.com/TP/A980). As noted, sVCAM-1 rose progressively during the pretransplant period at an average rate of +0.15 ng/mL per day. One month after transplantation, sVCAM-1 dropped on average 625 ng/mL and then continued to decline at a rate of j0.23 ng/mL per day subsequently. It is important to note that these changes before and after transplantation are occurring in each individual (i.e., these reflect average within individual changes) ( Figure S1 , SDC, http://links.lww.com/TP/A980).
DISCUSSION
In this longitudinal study of patients on dialysis waitlisted for kidney transplantation, we found that sVCAM-1 levels rose progressively with time on dialysis but then dropped significantly 1-month postYkidney transplantation and continued to decline out to 24 months. These findings are novel and illustrate progression of endothelial injury in patients with ESRD and amelioration after renal transplantation.
Our longitudinal observations strengthen the evidence from earlier cross-sectional studies (14, 16, 18, 19) . In aggregate, these earlier studies suggested that sVCAM-1 level increased as kidney failure worsened and decreased after transplantation. For example, Vaccaro et al. (18) compared sVCAM-1-1 levels in 32 patients with predialysis chronic kidney disease (CKD), 30 on maintenance hemodialysis, 36 after kidney transplantation, and 28 ''normal'' controls, and found that sVCAM-1 increased progressively from controls to kidney transplant, to predialysis CKD, with the highest sVCAM-1-1 in hemodialysis patients. However, because these studies were cross-sectional and did not measure changes in sVCAM-1 in the same patient at different time points, temporal changes in sVCAM-1 are only inferred. For example, in a The model being fitted is sVCAM-1=b0+b1ÂTime+b2ÂTransplant+b3Â(TransplantÂtime), where b0 is the intercept (i.e., expected sVCAM-1 value at Time=0, just before transplantation), Time is the number of days before or after transplantation, Transplant is an indicator variable for transplantation status (0=pretransplant; 1=posttransplant), and the interaction term (TransplantÂTime) describes whether the rate of change in sVCAM-1 is different in the pretransplant vs. posttransplant periods. Because the interaction coefficient b3 is highly statistically significant, the pretransplant and posttransplant rates of change of sVCAM-1 are indeed truly different.
b Before transplantation, where Transplant =0, (and thus all terms containing Transplant become identically=0), the model simplifies to sVCAM-1=b0+b1Â Time where the intercept b0=1,867 describes the sVCAM-1 level just before transplantation and b1=0.16 describes the rate of change per day in sVCAM-1 before transplant. Note that because the slope b1 is greater than 0, we conclude that on average sVCAM-1 levels are rising over time in the pretransplant period.
c After transplantation, Transplant =1. Substituting and regrouping coefficients, we then have sVCAM-1=(b0+b2)+(b1+b3)ÂTime, which now describes the posttransplant changes in sVCAM-1 over time. The intercept (b0+b2)=1,867+(j619)=1,248 reflects the average sVCAM level just after transplant. Note that this level has dropped (by 619) relative the pretransplant level. The slope (b1+b3)=0.16+(j0.38)=j0.22 describes the average rate of change in sVCAM-1 over time after transplantation. Note that because (b1+b3)G0, sVCAM-1 is now decreasing over time after transplantation, in contrast to the pretransplant period. the study by Vaccaro et al., the results could potentially have been confounded by differences other than disease stage or transplant status between the patient groups sampled. Our study is unique in having repeated measures of sVCAM-1 in the same patients over time and over the transition to transplantation. Thus, it does not suffer the design limitation of cross-sectional studies and provides direct verification that sVCAM-1 increases over time on dialysis and the drops after kidney transplantation.
The changes in sVCAM-1 in our study are consistent with the known epidemiology of cardiovascular disease in ESRD. It has been shown that cumulative exposure to dialysis is an independent risk factor for cardiovascular events both during dialysis and after renal transplantation (5, 6, 20Y24). Conversely, restoration of renal function with renal transplantation decreases CVD event rate (3, 5, 25) . Indeed, preemptive transplantation, in which dialysis exposure is avoided altogether, is associated with superior cardiovascular outcomes (24, 26Y28). Importantly, others have observed an association between sVCAM-1 levels and clinical events (29, 30) . This observation strengthens the inference of a potential causal link between sVCAM-1 and outcomes in CKD. Taken together, the congruence between the sVCAM-1 changes reported in our study and well-established epidemiological Composite major cardiac event refers to first occurrence of unstable angina, percutaneous transluminal coronary angiography or stent, STEMI, NSTEMI, thrombolytics, or coronary artery bypass graft.
Composite venous thromboembolic event refers to first occurrence of pulmonary embolism or deep vein thrombosis. ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB DH/ non-DH, calcium channel blocker dihydropyridine/ non-dihydropyridine.
trends in clinical outcomes observed by others suggests that endothelial injury may be a major driver in the evolution of cardiovascular disease in ESRD.
In our analysis of factors associated with sVCAM-1 levels, we found that smoking status, diuretic use, and CHF were significantly associated with higher sVCAM-1 levels, findings consistent with cross-sectional studies in non-ESRD cohorts (31, 32) . However, other comorbid conditions, including diabetes, hypertension, and dyslipidemia were not associated with sVCAM-1, again consistent with crosssectional data in other renal populations (14, 16) but in contrast to observations in nonrenal cohorts (31, 32) . Somewhat unexpectedly, medication use was not strongly associated with sVCAM-1; although use of ACEIs or ARB demonstrated a univariate association with lower sVCAM-1 level, this association disappeared after adjustment for other factors. These findings are consistent with other cross-sectional analyses however (8, 33) . Importantly, because we modeled hypertension, diabetes, dyslipidemia, and medications in a timedependent fashion, we conclude that changes in sVCAM-1 were not attributable to time-dependent changes in these variables.
We cannot easily identify the proximate causes of the longitudinal changes in sVCAM-1 in the present study. In theory, the observed changes could result from altered production or altered elimination. Although the mechanisms of elimination of adhesion molecules are not well understood, it is unlikely that alterations in renal filtration (i.e., gradual loss of residual renal function over time during dialysis followed by restoration of GFR after transplant) are responsible because sVCAM-1 is too ''''a large molecule (110 kDa) to be readily filtered by the kidney. More likely, the changes reflect worsening endothelial function over time on dialysis followed by amelioration after transplantation. It is known that loss of functioning renal mass results in retention of nitrogenous compounds normally eliminated by the kidney. In vitro studies have demonstrated that exposure of cultured endothelial cells to uremic serum results in increased expression of VCAM (33, 34) . Furthermore, investigators found that there was a significant increase in sVCAM-1 in both serum and aortic smooth muscle after induction of uremia in mice. Although most retained uremic compounds remain uncharacterized, some, such as asymmetric dimethyl arginine and homocysteine, are known to impair or injure endothelium (35Y37). In addition, retained nitrogenous compounds, such as urea, have been shown to promote carbamylation of low-density lipoprotein, which may promote atherosclerosis and stimulate macrophage cytokine production and myeloperoxidase activity, contributing to both inflammation and oxidative stress (38, 39) . Higher molecular weight toxins may also play a role. Studies have suggested that in renal failure, retention of oxidatively damaged proteins leads to scavenger receptor mediated activation of macrophages and other antigen-presenting cells (40) . Chronic macrophage activation may then lead by means of multiple pathways to systemic inflammation and oxidative stress, both of which may contribute directly to endothelial activation. After a successful kidney transplantation, clearance of retained toxins would be expected to reverse the proinflammatory and prooxidative milieu, potentially leading 
, where b0 is the intercept (i.e. expected sVCAM-1 value at Time=0, just before transplantation), Time is the number of days before or after transplant, Transplant is an indicator variable for transplantation status (0=pretransplant; 1=post transplant), CHF is the indicator variable for presence (1) or absence (0) of congestive heart failure, Smoker is the is the indicator variable for presence (1) or absence (0) of current smoking, and the interaction term (Transplant*Time) describes whether the rate of change in sVCAM-1 is different in the pretransplant vs. posttransplant periods. Because''''the interaction coefficient b5 is highly statistically significant, we can conclude that the pretransplant and posttransplant rates of change of sVCAM-1 are indeed truly different. Note that we have not included interaction terms for Smoker to improvement in endothelial function. Although this schema is conceptually attractive, large gaps remain in our understanding of the specific mechanisms involved.
Our observations, in the context of the conceptual framework proposed above, have implications for future research. Study of the temporal relationship between uremic toxins, inflammation, oxidative stress, and endothelial markers during dialysis and after transplantation may help elucidate the primary causes of endothelial dysfunction in ESRD. Moreover, studies are needed to evaluate the relationship between sVCAM-1 and physiologic measures of endothelial function, such as brachial artery reactivity or peripheral arterial tonometry. Validation of sVCAM-1 and noninvasive testing of vascular reactivity as prognostic markers for clinical events may in the future allow for early detection of endothelial activation and cardiovascular disease in patients with kidney disease.
The main strengths of our study were a well-characterized cohort of wait-listed patients, and a longitudinal, rather than cross-sectional, design with repeated measures of sVCAM-1 before and after transplantation, permitting analysis of within patient changes in sVCAM-1. The results of our study support existing literature on the role of sVCAM-1 as an indicator of endothelial activation and provide novel insight into the temporal evolution of sVCAM-1 as patients transition from dialysis to transplantation.
Our study also has limitations. We studied only ''''waitlisted patients who ultimately received a transplant, and caution should be taken in applying our results to nonYwait-listed patients. We could not obtain physiological measures of endothelial function (e.g., brachial artery dilatation) to complement our sVCAM-1 measurements. Finally, as our study was not powered for analysis of clinical events (e.g., cardiovascular events, death), we could not explore an association between sVCAM-1 and posttransplant outcomes in the study cohort.
In conclusion, endothelial injury increases over time on dialysis but improves after restoration of renal function by renal transplantation. These changes provide an attractive biological explanation for the accelerated cardiovascular disease experienced by dialysis patients as well as the improved cardiovascular risk observed after transplantation. Future research should focus on discovering which uremic toxins are primarily responsible for altered endothelial function, as this could uncover new targets for therapy, identify novel prognostic markers, and contribute to a greater biological understanding of vascular disease in ESRD.
MATERIALS AND METHODS
The study protocol was approved by the institutional review boards of the University of Manitoba and the Health Sciences Centre, Winnipeg, Manitoba, Canada.
Study Design
In this observational cohort study, we studied prospectively collected frozen serum samples of dialysis patients wait listed for kidney transplantation in Manitoba, Canada. Biobanking of frozen serum samples has been performed systematically per protocol on all wait listed dialysis and renal transplant patients in Manitoba since 1999. All patients were approached by the study nurse to provide informed consent for use of the samples for the study, with the exception of patients who had died; in these cases, a waiver of consent was granted by the institutional review boards. Figure 1 outlines the derivation of the study cohort. All patients who received a first kidney transplant in Manitoba between January 1, 2000, and December 31, 2005 (n=186) were eligible for inclusion. Of the one hundred and eighty six (186) transplanted patients, 10 patients were preemptive transplant recipients and two declined consent. One hundred and seventyfour recipients (174) had at least two samples obtained in both pretransplant and posttransplant periods; thus each patient had a minimum of four total measures of sVCAM-1.
Patient Selection

sVCAM-1 Measurement
All serum samples were drawn immediately predialysis in hemodialysis patients or at an outpatient clinic visit in peritoneal dialysis and transplanted patients. Samples were centrifuged and aliquoted immediately into cryovials for storage at j70-C. Biomarkers were measured from thawed sera using commercially available enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, MN). All measurements were in duplicate.
Clinical Data
A research nurse reviewed all inpatient and outpatient records and abstracted the data elements of interest. Comorbidities were adjudicated by one of us (J.B.) according to a priori definitions. All reviewers were blinded to sVCAM-1 levels.
Baseline variables abstracted at time of wait-listing included demographic data (age, sex, ethnicity, renal disease), known comorbid conditions (history of cardiovascular disease, history of other major organ system disease, diabetes), known cardiovascular risk factors (e.g., hypertension, cholesterol level, smoking status), and additional potential confounders (e.g., medications antiplatelet agents, anti-hypertensives, ACEI or ARB, and immunosuppressive medications). Follow-up values within ôT3 months of the date of each serum sample were abstracted for all variables which could change over time (e.g., hypertension, medications). Medication doses were not recorded, only whether the patient was on the medication or not was abstracted.
Statistical Analysis
Continuous variables are summarized as mean (standard deviation) or median (interquartile range) depending on distribution; categorical variables are expressed as percentages.
Mixed linear modeling was used to examine changes in sVCAM-1 as a function of time and transplantation. Mixed linear modeling was chosen over general linear modeling or repeated measures analysis of variance because it does not require observations to be independent or have constant variance, it does not require all subjects to have the same number of observations, and it is fairly robust to departures from normality in the dependent variable (sVCAM-1) (41). Time was modeled explicitly as a random factor, with the origin of the time scale (i.e., time =0) set as the date of transplantation. This choice of origin has no influence on the relationships between the independent variables and cVCAM-1; however, it does mean that measures or events occurring before transplantation showed negative times on this scale, and all measures or events occurring after transplantation showed positive times. Transplantation was modeled as a state transition variable taking the value=0 for all time points before transplantation and value=1 for all time points after transplantation. Other time-varying exposures including hypertensive status, dialysis modality, and medications, were modeled as time-dependent variables. Age, gender, and baseline comorbid conditions were treated as fixed factors.
The base model fitted took the form sVCAM-1= b0+b1ÂTime+b2Â Transplant+b3Â(TransplantÂtime), where b0 is the intercept (i.e., expected sVCAM-1 value at Time=0, just before transplantation), Time is the number of days before or after transplant, and Transplant is an indicator variable for transplantation status (0=pretransplant; 1=posttransplant). The interaction term (TransplantÂTime) explicitly models whether the rate of change in sVCAM-1 is different in the pretransplant versus posttransplant periods; a statistically significant coefficient indicates that the slopes (i.e., rates of change) are significantly different in each period.
To address whether other patient characteristics influenced the association between sVCAM-1, Transplant, and Time, we constructed enriched models in a forward stepwise fashion. First, we determined which additional factors influenced sVCAM-1 level on univariable testing. We then added these variables to the base model to see if they remained statistically significant at the P less than 0.1 level. The initial enriched model explored was sVCAM<1¼b0þb1ÂCHFþb2ÂSmokerþb3ÂHypertensionþb4ÂDiuretics þb5ÂACEi=ARBþb6ÂHeparinþb7ÂTimeþb8ÂTransplant þb9ÂðTransplantÂtimeÞ
Because only CHF, Smoker, and the base model variables were statistically significant at the P less than 0.1 level, only these terms were retained in the model. In the next step, to explore the question of whether the effect of the additional variables CHF and Smoking were different pretransplant versus posttransplant, we examined the first-order interaction terms CHFÂTransplant and SmokerÂTransplant. Because neither interaction was statistically significant, these terms were dropped from the model. In the last step, to address the question of whether CHF or smoking influenced the rate of change of sVCAM-1, we examined the interaction terms CHFÂTime and SmokerÂTime. Again, as neither interaction was statistically significant, the terms were dropped from the model. The final adjusted model therefore took the form:
sVCAM<1¼b0þb1ÂCHFþb2ÂSmokerþb3ÂTimeþb4ÂTransplantþb5
Âð TransplantÂtimeÞ
We additionally conducted two sensitivity analyses. In the first analysis, we reintroduced variables and interaction terms excluded at an earlier stage in the model building process to see if they would now alter the model specification. In the second analysis, we used a stepwise backward model building approach where the starting point was a fully specified model including all potentially significant variables and all first-order interactions with Time and Transplant. Individual terms were then sequentially removed until no further terms could be removed without significantly altering model fit. In both approaches, the final model was identical, and thus only the main analysis is presented in the article. All analyses were performed using SAS v9.2.
